Decker DA, Galligan JJ. Cross-inhibition between nicotinic acetylcholine receptors and P2X receptors in myenteric neurons and HEK-293 cells. Am J Physiol Gastrointest Liver Physiol 296: G1267-G1276, 2009. First published April 2, 2009 doi:10.1152/ajpgi.00048.2009.-The enteric nervous system (ENS) controls gut function. P2X receptors and nicotinic acetylcholine receptors (nAChRs) are ligand-gated cation channels that mediate fast synaptic excitation in the ENS. Close molecular coupling in enteric neuronal membranes contributes to a mutually inhibitory interaction between these receptors; this effect is called cross-inhibition. We studied the molecular mechanisms responsible for cross-inhibition. Whole cell patch-clamp techniques were used to measure P2X-and nAChR-mediated currents in cultured enteric neurons and HEK-293 cells. In cultured myenteric neurons, ACh (3 mM) and ATP (1 mM) coapplication evoked an inward current that was only 57 Ϯ 6% (P Ͻ 0.05) of the predicted current that would have occurred if the two populations of channels were activated independently. In HEK-293 cells coexpressing ␣ 3 ␤ 4 nAChR/P2X 2 receptors, coapplication of ATP and ACh caused a current that was 58 Ϯ 7% of the predicted current (P Ͻ 0.05). To test the importance of P2X subunit COOH-terminal tail length on cross-inhibition, P2X 3 and P2X4 subunits, which have shorter COOHterminal tails, were studied. Cross-inhibition with ␣ 3␤4 nAChRs and P2X 3 or P2X4 subunits was similar to that occurring with P2X2 subunits. P2X receptor or ␣ 3␤4 nAChR desensitization did not prevent receptor cross-inhibition. These data indicate that the ␣ 3␤4-P2X receptor interaction is not restricted to P2X 2 subunits. In addition, active and desensitized conformations of the P2X receptor inhibit nAChR function. These molecular interactions may modulate the function of synapses that use ATP and ACh as fast synaptic transmitters in the ENS. enteric nervous system; synaptic transmission; ligand-gated ion channels THE ENTERIC NERVOUS SYSTEM (ENS) is the division of the autonomic nervous system (ANS) that controls gastrointestinal function (8). Although parasympathetic, sympathetic, and sensory nerves supply the intestine, the ENS can control gut function independently from central nervous system control. This is possible because the ENS contains all the neural elements needed for reflex control of gastrointestinal function (10, 12). These elements include motoneurons, interneurons, and sensory neurons that respond to mechanical and chemical stimuli provided by intraluminal content (9).
The enteric nervous system (ENS) controls gut function. P2X receptors and nicotinic acetylcholine receptors (nAChRs) are ligand-gated cation channels that mediate fast synaptic excitation in the ENS. Close molecular coupling in enteric neuronal membranes contributes to a mutually inhibitory interaction between these receptors; this effect is called cross-inhibition. We studied the molecular mechanisms responsible for cross-inhibition. Whole cell patch-clamp techniques were used to measure P2X-and nAChR-mediated currents in cultured enteric neurons and HEK-293 cells. In cultured myenteric neurons, ACh (3 mM) and ATP (1 mM) coapplication evoked an inward current that was only 57 Ϯ 6% (P Ͻ 0.05) of the predicted current that would have occurred if the two populations of channels were activated independently. In HEK-293 cells coexpressing ␣ 3 ␤ 4 nAChR/P2X 2 receptors, coapplication of ATP and ACh caused a current that was 58 Ϯ 7% of the predicted current (P Ͻ 0.05). To test the importance of P2X subunit COOH-terminal tail length on cross-inhibition, P2X 3 and P2X4 subunits, which have shorter COOHterminal tails, were studied. Cross-inhibition with ␣ 3␤4 nAChRs and P2X 3 or P2X4 subunits was similar to that occurring with P2X2 subunits. P2X receptor or ␣ 3␤4 nAChR desensitization did not prevent receptor cross-inhibition. These data indicate that the ␣ 3␤4-P2X receptor interaction is not restricted to P2X 2 subunits. In addition, active and desensitized conformations of the P2X receptor inhibit nAChR function. These molecular interactions may modulate the function of synapses that use ATP and ACh as fast synaptic transmitters in the ENS. enteric nervous system; synaptic transmission; ligand-gated ion channels THE ENTERIC NERVOUS SYSTEM (ENS) is the division of the autonomic nervous system (ANS) that controls gastrointestinal function (8) . Although parasympathetic, sympathetic, and sensory nerves supply the intestine, the ENS can control gut function independently from central nervous system control. This is possible because the ENS contains all the neural elements needed for reflex control of gastrointestinal function (10, 12) . These elements include motoneurons, interneurons, and sensory neurons that respond to mechanical and chemical stimuli provided by intraluminal content (9) .
There are two classes of ligand-gated ion channel receptors that mediate fast synaptic excitation of enteric neurons; cysloop receptors and P2X receptors. Cys-loop receptors include nicotinic acetylcholine receptors (nAChRs), 5-HT 3 receptors, and GABA A receptors. Cys-loop receptors are pentameric, and each subunit has four transmembrane domains and extracellular NH 2 -and COOH-terminal tails (17, 18) . Neuronal nAChRs are composed of two ␣-and three ␤-subunits; there are eight neuronal ␣ (␣ 2 -␣ 9 ) and three neuronal ␤ (␤ 2 -␤ 4 ) nAChR subunits (17) . In the ENS, the predominant nAChR subtype is composed of ␣ 3 -and ␤ 4 -subunits (39) , and ACh acting at nAChRs is the primary fast excitatory neurotransmitter in the ENS (10) . P2X receptors are trimeric, and each subunit has two transmembrane domains and intracellular NH 2 -and COOHterminal tails. P2X receptors are homomeric or heteromeric receptors composed of one or more of seven (P2X 1 -P2X 7 ) subunits (7, 14, 26, 27, 31, 35) . Enteric neurons express P2X 2 and P2X 3 subunits, which can form homomeric and heteromeric P2X 2 /P2X 3 receptors (6, 29, 38) . ATP acting at P2X receptors contributes to fast synaptic excitation in subsets of enteric neurons, and ATP and ACh are cotransmitters at many synapses in the ENS (10, 16, 19, 28, 30) .
P2X receptors and nAChRs are structurally different, and it would be expected that they would function independently. However, P2X receptors and nAChRs coexpressed by rat pheochromcytoma-12 (PC-12) cells (23, 25) and superior cervical sympathetic neurons (24) are functionally linked. Simultaneous activation of both channels produces inward currents that are smaller than the additive sum of individual currents (predicted current) that would occur if the channels functioned independently. The functional interaction between nAChRs and P2X receptors was subsequently shown to occur in guinea pig celiac ganglion neurons (32) and cultured myenteric neurons from the guinea pig ileum (38) . This latter result is particularly important because ATP and ACh are cotransmitters at functionally identified synapses in the guinea pig ileum myenteric plexus (2, 16, 27) and ATP modulates the function of nAChRs activated by synaptically released ACh (13) . The functional interaction between nAChRs and P2X receptors is proportional to receptor density, and the interaction occurs in cell-free patches obtained from cultured myenteric neurons (38) . These data suggest that intracellular signaling mechanisms are not required for the functional interaction and that there may be direct molecular interactions between the two types of receptors. A similar functional interaction occurs between P2X receptors and other cys-loop receptors including 5-HT 3 receptors in guinea pig submucosal neurons (1) and GABA A receptors in dorsal root ganglion neurons (34) . Studies of heterologously expressed P2X 2 and 5-HT 3 receptors revealed that a portion of the cytoplasmic COOH-terminal tail of the P2X 2 receptor and a portion of the second cytoplasmic loop of the 5-HT 3A subunit not only are responsible for a functional interaction but also may mediate a physical interaction between these receptors (3) . Similarly, the COOH-terminal tail is required for interaction of P2X 3 receptors with GABA A receptors expressed in Xenopus oocytes or dorsal root ganglion neurons (34) . These studies suggest that the P2X receptor COOH-terminal tail might contribute to interactions with cys-loop receptors, a hypothesis that we test by studying interactions between nAChRs and P2X subunits with varying COOH-terminal tail lengths.
Although a functional interaction between P2X 2 receptors and ␣ 3 ␤ 4 nAChRs occurs when these receptors are expressed in Xenopus oocytes (13), the molecular mechanism responsible for the interaction between P2X 2 and ␣ 3 ␤ 4 nAChRs has not been studied in detail. The present study was designed to test the hypothesis that the functional interaction between P2X 2 receptors and ␣ 3 ␤ 4 nAChRs could be reproduced in a heterologous expression system (HEK-293 cells) and that this system could be used to probe the molecular mechanisms responsible for interactions between these receptors.
MATERIALS AND METHODS

Tissue Culture
Cultured myenteric neurons. All animal use protocols were reviewed and approved by the Institutional Animal Care and Use Committee at Michigan State University. Neurons were cultured as described previously (34, 35) . Two newborn guinea pigs (Ͻ36 h old) were killed by severing the major neck blood vessel after halothane anesthesia. The small intestine was removed from the animals and placed in cold (4°C) Krebs solution of the following composition (mM): 117 NaCl, 4.7 KCl, 2.5 CaCl 2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 11 glucose. The longitudinal muscle myenteric plexus was stripped free with a cotton swab and cut into 5-mm pieces. Tissues were digested with 1,600 U of trypsin, followed by trituration with a fire-polished Pasteur pipette. After incubation with 2,000 U of crab hepatopancreas collagenase, the tissues were triturated again. The neurons were resuspended in Eagle's minimum essential medium (MEM) containing 10% fetal bovine serum, gentamicin (10 g/ml), penicillin (100 U/ml), and streptomycin (100 U/ml) and plated onto sterile, poly-L-lysine-coated 35-mm plastic dishes and maintained in an incubator at 37°C in a 5% CO 2 atmosphere for up to 3 wk.
Human embryonic kidney (HEK-293) cells. Cells were obtained from American Type Culture Collection and grown in Dulbecco's modified Eagle's medium (DMEM)-F-12 containing 10% fetal bovine serum, 10% GluMax (Invitrogen, Carlsbad, CA), and 100 U/ml penicillin and streptomycin, except for the rat ␣ 3␤4 nAChR-stable HEK-293 cell line, which also contained 0.5 mg/ml Geneticin (GIBCO, G418). Cells were maintained at 37°C in a 5% CO 2 atmosphere in a humidified incubator. Cells were passaged once every 3 days when they reached 90% confluence. Transient transfection of cells was accomplished by electroporation. A 0.4-cm Gene Pulser Cuvette (Bio-Rad) was used with 2 g of total plasmid protein along with 0.2 g of green fluorescent protein (GFP) to help identify transfected cells. The electroporation machine used was the Gene Pulser Xcell Electroporation System (Bio-Rad). This resulted in 80% transfection efficiency. Afterwards, cells were plated on 35-mm coverslips and maintained in the incubator for 24 h before use in electrophysiology experiments. A rat ␣ 3␤4 nAChR-stable HEK-293 cell line was provided by Dr. Yingxian Xiao from Georgetown University (Washington, DC; Ref. 36) . Plasmids containing the coding sequences for rat P2X 2, P2X3, and P2X4 receptor subunits were a gift from Dr. Alan North (University of Manchester, Manchester, UK). Plasmids containing the coding sequences for the murine ␣ 3 and murine ␤4 nAChR subunits were provided by Dr. Jerry A. Stitzel (University of Colorado, Denver, CO).
Whole Cell Recording
Whole cell voltage-clamp measurements were obtained at room temperature with standard methods. Coverslips containing cells were placed on a stage of an inverted microscope (Nikon Diaphot, Mager Scientific, Dexter, MI) using phase-contrast optics. For identifying cotransfected cells, a mercury bulb with excitation wavelength of 495 nm was used with a filter for 520-nm emission. The pipette solution contained (mM) 122.5 K-aspartate, 20 KCl, 1 MgCl 2, 10 EGTA, 5 HEPES, and 2 ATP; pH was adjusted to 7.3 with KOH. The extracellular solution was a HEPES-based buffer composed of (mM) 155 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, 10 HEPES, and 12 glucose; pH was adjusted to 7.4 with NaOH. All recordings were made with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). Data Fig. 1 . Cross-inhibition between P2X receptors and nicotinic acetylcholine receptors (nAChRs) in guinea pig ileum cultured myenteric neurons. A: inward currents caused by ATP (1 mM), an agonist for P2X receptors, and ACh (3 mM), an agonist for nAChRs, in the same neuron. Coapplication of ACh and ATP caused an inward current that was smaller than the predicted current that would have occurred if the 2 channels functioned independently (P Ͻ 0.05). Individual reapplication of ATP and ACh caused inward currents (I) that were not statistically different from the original responses (P Ͼ 0.05). B: pooled data from experiments shown in A; n ϭ no. of neurons. *Significantly different from predicted current.
were acquired with pCLAMP 9.1 software (Molecular Devices). Whole cell recordings were carried out with patch pipettes with tip resistances of 3-5 M⍀; seal resistances were Ͼ1 G⍀. Steady-state current-voltage relationships for agonist-induced whole cell currents were obtained with step depolarization that changed the holding potential from an initial value of Ϫ70 mV to 50 mV in 20-mV increments. There was a 2-min interval between all successive agonist applications at each holding potential, Ϫ70 mV for HEK-293 cells and Ϫ60 mV for myenteric neurons.
Drug Application
Agonists were applied onto individual neurons/cells by gravity flow from linear array quartz tubes placed near the cell. The distance from the mouth of the tubes to the cells was ϳ200 m, with flow controlled manually with a micromanipulator. Computer-controlled solenoid valves (General Valve, Fairfield, NJ) were used to gate solution flow through the tubes. Agonist-induced currents were measured as the peak current amplitude. The difference between the predicted sum of the individual peak currents was compared with the current amplitude caused by coapplication of two agonists.
Statistics
Data are expressed as means Ϯ SE, and n refers to the number of cells from which the data were obtained. The predicted current amplitude that would occur during agonist coapplication was calculated by measuring the peak currents caused by previous individual agonist applications and then summing these values. These data were used for statistical comparisons of actual and predicted currents. Traces illustrating predicted currents were constructed with a simple math function in Origin 7 (OriginLab, Northhampton, MA). Student's t-test or analysis of variance was used to establish significant differences between control and treatment groups. The significance level was P Ͻ 0.05. Agonist concentration-response curves were fit to the following logistic function with Origin:
nH ] ϩ Ymax, where EC50 is the half-maximal effective concentration, nH is the slope (Hill coefficient), and Ymin and Ymax are the minimum and maximum, respectively.
RESULTS
Inhibitory Interaction Between nAChRs and P2X Receptors in Cultured Myenteric Neurons
ACh (3 mM) caused an inward current in 98% of the myenteric neurons tested, while ATP (1 mM) caused an inward current in 80% of the neurons tested. The mean current amplitudes caused by individual application of ACh (3 mM) and ATP (1 mM) were not statistically different (Fig. 1) . However, when the two agonists were applied simultaneously to the same neurons the peak inward current was only 57 Ϯ 6% of the predicted current that would have occurred had the two channels functioned in an independent manner (n ϭ 8, P Ͻ 0.05; Fig. 1 ); these data confirm previously published work (35) . In the remainder of this article, the inhibitory interaction between nAChRs and P2X receptors is referred to as "cross-inhibition."
Properties of P2X 2 Receptors and ␣ 3 ␤ 4 nAChRs Expressed in HEK-293 Cells
We verified that the pharmacological and functional properties of heterologously expressed P2X 2 receptors and ␣ 3 ␤ 4 nAChRs were similar to those seen in cultured myenteric neurons. In HEK-293 cells stably expressing P2X 2 receptors, ATP (1 mM) evoked a rapidly developing current that was largely sus- tained throughout the period of ATP application. This response was similar to that caused by ATP in cultured myenteric neurons ( Fig. 2A) . ACh (3 mM) evoked a rapidly developing and desensitizing current in HEK-293 cells stably expressing ␣ 3 ␤ 4 nAChRs, and this response was similar to that measured in cultured myenteric neurons (Fig. 2B) . Concentration-response curves and current-voltage relationships were determined for ATP in HEK-293 cells stably expressing P2X 2 receptors and for ACh in HEK-293 cells stably expressing ␣ 3 ␤ 4 nAChRs. ATP caused a concentration-dependent increase in current amplitude with a EC 50 of 20 Ϯ 10 M; the maximum current occurred at 300 M (Fig. 2C) . The Hill slope was 0.9 Ϯ 0.3 (n ϭ 6). These values were similar to those reported previously for ATP-evoked inward currents in cultured myenteric neurons (38) .
ACh caused a concentration-dependent inward current in HEK-293 cells with an EC 50 of 130 Ϯ 20 M and a Hill slope of 2.0 Ϯ 0.6 (Fig. 2C) . These values were similar to those reported previously for ACh-induced activation of nAChRs expressed by cultured myenteric neurons (36) . Current-voltage relationships for ACh-or ATP-induced currents were studied in HEK-293 cells stably expressing ␣ 3 ␤ 4 nAChRs or P2X 2 receptors, respectively. ACh-induced currents exhibited an inwardly rectifying current voltage relationship with a reversal potential of 8.0 Ϯ 4.5 mV (n ϭ 5, Fig. 2D ). The slope conductance at Ϫ50 mV was 33 Ϯ 6 nS, while at 50 mV this value was 7 Ϯ 4 nS. ATP-induced currents in P2X 2 -stable cells also exhibited inward rectification, and the reversal potential was 15 Ϯ 6 mV (n ϭ 4 or 5). At Ϫ50 mV the slope conductance was 48 Ϯ 5 nS, while at 50 mV this value was 6 Ϯ 3 nS. These properties are very similar to those reported previously for nAChRs and P2X receptors expressed by cultured myenteric neurons (37) (38) (39) . All subsequent experiments used saturating concentrations of ATP (1 mM) and ACh (3 mM) unless specified otherwise.
Cross-Inhibition Between P2X 2 Receptors and ␣ 3 ␤ 4 nAChRs in HEK-293 Cells
The data described above indicate that the functional and pharmacological properties of heterologously expressed nAChRs and P2X receptors are similar to those of the receptors expressed by cultured myenteric neurons. Therefore, we used HEK-293 cells that stably expressed rat P2X 2 receptors and that were also transiently transfected with murine ␣ 3 and ␤ 4 nAChR subunits to study cross-inhibition between these receptors. Because of receptor overexpression, the mean current amplitudes caused by individual application of ACh and ATP were larger than those recorded from cultured myenteric neurons (Fig. 3) . However, as was observed in cultured myenteric neurons, simultaneous application of maximum concentrations of ACh and ATP caused an inward current that was only 61 Ϯ 3% (P Ͻ 0.05, n ϭ 9) of the predicted current that would have occurred had the heterologously expressed P2X 2 receptors and ␣ 3 ␤ 4 nAChRs functioned independently. Responses caused by individual application of ACh and ATP obtained after agonist coapplication were not statistically different from the original current amplitudes (P Ͼ 0.05, n ϭ 9; Fig. 3) . Furthermore, when the predicted current value was calculated with individual agonist-evoked currents obtained after agonist coapplication, the actual current was significantly smaller than this predicted value (P Ͻ 0.05, n ϭ 6). In the next experiments, we used a cell line that stably expressed ␣ 3 ␤ 4 nAChRs and that was transiently transfected with P2X 2 receptors. In these cells, currents caused by simultaneous application of ACh and ATP were only 58 Ϯ 5% of the predicted current ( Fig. 4 ; P Ͻ 0.05, n ϭ 13) that would have occurred if the receptors functioned independently. Subsequent individual reapplication of ACh and ATP caused currents that were not statistically different from those elicited before agonist coapplication (P Ͼ 0.05, n ϭ 13; data not shown). Furthermore, when the predicted current value was calculated with individual agonist-evoked currents obtained after agonist coapplication, the actual current was significantly smaller than this predicted value (P Ͻ 0.05, n ϭ 13).
As mentioned above, receptor overexpression resulted in current amplitudes in HEK-293 cells that were larger than those in cultured myenteric neurons. It is possible that nAChR and P2X receptor activation caused by coapplication of maximum agonist concentrations produced local Na ϩ or Ca 2ϩ depletion, reducing the driving force required for inward current. Another concern would be poor voltage control of largeamplitude currents evoked by coapplication of maximum agonist concentrations. To rule out these possibilities, EC 50 concentrations of ACh (100 M) and ATP (30 M) were used to activate nAChRs and P2X receptors, respectively. Because submaximal agonist concentrations were used, neither receptor desensitized (Fig. 5) . However, the inward current caused by simultaneous activation of ␣ 3 ␤ 4 nAChRs and P2X 2 receptors was only 58 Ϯ 7% of predicted response (P Ͻ 0.05, n ϭ 7).
ACh may interact directly with P2X receptors to modulate their function, or ATP may directly interact with nAChRs to modulate their function. Cultured myenteric neurons cannot be used to evaluate this possibility because nearly all neurons express both receptors. Therefore, we used HEK-293 cells expressing only P2X 2 or ␣ 3 ␤ 4 nAChRs to test for the direct agonist modulation mechanism of cross-inhibition. ACh (3 mM) did not cause an inward current in HEK-293 cells expressing only P2X 2 receptors, and ACh did not alter currents caused by ATP in these cells (P Ͼ 0.05, n ϭ 4; Fig. 6A ). Likewise, ATP (1 mM) did not cause an inward current in cells expressing only ␣ 3 ␤ 4 nAChRs and ATP did not alter currents caused by ACh in these cells (P Ͼ 0.05, n ϭ 7; Fig. 6B ).
P2X 3 and P2X 4 Subunits Interact with nAChRs
The specificity of the P2X receptor and nAChR interaction was determined by transiently expressing P2X 3 or P2X 4 subunits in HEK-293 cells stably expressing ␣ 3 ␤ 4 nAChRs. P2X 3 and P2X 4 subunits differ from P2X 2 subunits in the length of the intracellular COOH-terminal tail (Fig. 7) . In cells coexpressing ␣ 3 ␤ 4 nAChR/P2X 3 receptors, coapplication of ACh and ATP caused an inward current that was only 53 Ϯ 5% of the predicted current (Fig. 8, A and B ; n ϭ 25, P Ͻ 0.05). In cells coexpressing ␣ 3 ␤ 4 nAChR/P2X 4 receptors, agonist coapplication caused an inward current that was only 58 Ϯ 5% of the predicted current (P Ͻ 0.05, n ϭ 21; Fig. 8, C and D) .
Receptor Desensitization
We next investigated whether the desensitized state of nAChRs could maintain cross-inhibition of P2X 2 receptors. Individual activation currents were 1.9 Ϯ 0.3 nA and 2.5 Ϯ 0.3 nA for ACh and ATP, respectively. ACh was continuously applied to HEK-293 cells stably expressing ␣ 3 ␤ 4 nAChRs and transiently transfected with P2X 2 receptors. This treatment caused nAChR desensitization, and then ATP and ACh were coapplied. Because the nAChR was desensitized, the current should only be due to activation of P2X 2 receptors. The ATP-induced current was only 71 Ϯ 7% of the initial current obtained before nAChR desensitization (P Ͻ 0.05, n ϭ 7; Fig. 9A ). The current recorded during simultaneous agonist application in the presence of nAChR desensitization was 71% of the predicted current; this value is higher than but not statistically different from (58 Ϯ 7%; n ϭ 13, P Ͼ 0.05) that obtained during ATP and ACh application when both the P2X 2 and ␣ 3 ␤ 4 nAChRs were fully function (i.e., not desensitized). The same experiment was repeated, except this time the P2X 2 receptors were desensitized with prolonged ATP application immediately followed by coapplication of ACh and ATP. After P2X 2 receptor desensitization, the ACh-induced current was only 72 Ϯ 6% (P Ͻ 0.05, n ϭ 11; Fig. 9B ) of the initial ACh-induced current. Again, this value was higher than but not statistically different from (P Ͼ 0.05, n ϭ 13) that measured during ATP and ACh coapplication when the P2X 2 receptors and ␣ 3 ␤ 4 nAChRs were fully functional.
To determine the specificity of this interaction, experiments similar to those above were performed with the P2X 3 and P2X 4 subtypes of the receptor. For nAChR/P2X 3 cells, ACh-induced currents after P2X 3 receptor desensitization were 74 Ϯ 9% of the initial ACh current (n ϭ 9, P Ͻ 0.05; Fig. 10A ). This value was significantly different from that occurring during simultaneous P2X 3 receptor and nAChR activation when these receptors were fully functional (nondesensitized) (see above, 53 Ϯ 5%; P Ͻ 0.05). For nAChR/P2X 4 cells, ACh-induced currents after P2X 4 receptor desensitization were only 75 Ϯ 6% of initial activation. (P Ͻ 0.05, n ϭ 9; Fig. 10B ). This value was significantly different from that occurring during simultaneous P2X 4 receptor and nAChR activation when these receptors were fully functional (see above, 58 Ϯ 5%; P Ͻ 0.05).
DISCUSSION
ACh and ATP are cotransmitters in the ENS (10, 28, 30) , and interaction between their target receptors has been shown in guinea pig celiac ganglion neurons (32, 33) , rat PC-12 cells (23, 25) , superior cervical sympathetic neurons (24) , and cultured myenteric neurons (38) and in heterologously expressed receptors in Xenopus oocytes (13) . In the present study, we have reproduced this receptor interaction in mammalian cells expressing ␣ 3 ␤ 4 nAChRs and several P2X receptor subunits.
Functional and Pharmacological Properties of P2X 2 Receptors and nAChRs Are Retained in HEK-293 Cells
We previously confirmed that P2X 2 receptors and nAChRs are functionally linked in guinea pig cultured myenteric neurons (38) , and we show that this interaction can be reproduced in a heterologous expression system. P2X 2 receptors desensitize slowly, while responses mediated by enteric ␣ 3 ␤ 4 nAChRs desensitize in Ͻ2 s; these properties were retained in HEK-293 cells expressing ␣ 3 ␤ 4 nAChRs or P2X 2 receptors. Concentrationresponse curves for ACh-and ATP-induced inward currents were also similar in cultured myenteric neurons and HEK-293 cells expressing ␣ 3 ␤ 4 nAChRs or P2X 2 receptors. The current-voltage relationship for currents carried by P2X 2 receptors and ␣ 3 ␤ 4 nAChRs exhibits inward rectification (37, 38, 39) , and this property was also retained in HEK-293 cells. Therefore, HEK-293 cells are an appropriate model system to study the details of the molecular interactions between P2X and nAChRs.
Cross-Inhibition Between nAChRs and P2X Receptors Expressed in HEK-293 Cells
We used HEK-293 cells that stably expressed P2X 2 receptors and transiently expressed ␣ 3 ␤ 4 nAChRs or HEK-293 cells that stably expressed ␣ 3 ␤ 4 nAChRs and transiently expressed P2X 2 receptors to study receptor cross-inhibition. Similar data were obtained with both types of receptor combinations. As occurs with cultured myenteric neurons, when P2X 2 receptors and nAChRs are coactivated in HEK-293 cells expressing both receptors, the resulting inward current is substantially smaller than the current that would have occurred if the two receptors functioned independently. If P2X receptors and nAChRs function independently, coactivation of receptors would cause fully additive currents. The response amplitude would be predicted by summing the currents evoked by individual agonist application; this is the predicted current. The data obtained in HEK-293 cells indicate that cross-inhibition is not a neuronspecific response and it does not require neuron-specific proteins or other molecules to maintain the receptor interaction. We have also ruled out receptor rundown or desensitization as a mechanism responsible for the proposed cross-inhibition, because we were able to show that the currents caused by individual application of ACh or ATP were stable in amplitude through the time course of our studies.
It is possible that cross-inhibition occurs because P2X receptors have an allosteric inhibitory binding site for ACh, or that nAChRs have a similar binding site for ATP (25, 31) . Another possibility is that ACh activates muscarinic receptors or ATP activates P2Y receptors, which are both endogenously expressed by HEK-293 cells (22) . These receptors link to protein kinase C activation, which could then alter the function of nAChRs or P2X receptors. These hypotheses would be difficult to test in cultured myenteric neurons, because nearly every neuron coexpresses P2X 2 receptors and nAChRs (37, 38) and many myenteric neurons also express muscarinic and P2Y receptors (11, 20) . However, by using HEK-293 cells it is possible to control receptor expression. We showed that ACh does not activate P2X 2 receptors and, more importantly, ACh does not modify activation of the P2X 2 receptor by ATP in the absence of nAChR expression. Similarly, ATP does not modify nAChR function in the absence of P2X 2 receptor expression. These data indicate that ACh and ATP do not directly modulate the function of P2X 2 receptors or nAChRs and do not indirectly modify their function via activation of muscarinic or P2Y receptor-linked signaling pathways.
We used saturating agonist concentrations in the studies of cross-inhibition. It is possible that cross-inhibition is not due to direct receptor interaction but could be due to local depletion of Na ϩ or Ca 2ϩ ions near the channel during maximal activation. Inadequate voltage control during maximal receptor activation could also account for nonadditivity of agonist responses. To address these concerns, we studied receptor cross-inhibition with EC 50 concentrations of ACh and ATP. We found that even during submaximal receptor activation, agonist coapplication produced responses that were smaller in amplitude than the predicted additive response. These data indicate that nonadditivity between P2X 2 and nAChRs is not attributable to local ion depletion or poor voltage clamp of large-amplitude currents. 
Cross-Inhibition of ␣ 3 ␤ 4 nAChR Function Is Not Specific for P2X 2 Receptors
We next determined whether inhibition of ␣ 3 ␤ 4 nAChR function was specific for P2X 2 subunits. P2X receptor subunits differ largely in the length and composition of their COOHterminal intracellular tail. The P2X 2 subunit has a COOHterminal tail length of 119 amino acids (26) . We focused on P2X 3 subunits, with a COOH-terminal tail length of 53 amino acids, because these are expressed by myenteric neurons (29) and the P2X 4 subunit because it has the shortest COOHterminal tail at 30 amino acids (26) . By narrowing down the region of the COOH-terminal tail that mightf be responsible for this interaction, a better understanding of the sequence regions or motif that mediate this interaction can be elucidated. We detected cross-inhibition between ␣ 3 ␤ 4 nAChRs and both P2X 3 and P2X 4 receptors, suggesting that ␣ 3 ␤ 4 nAChRs can interact with multiple P2X receptor subunits. Although P2X 2 and P2X 4 COOH-terminal tails do not have identical sequences (24) , the 30-amino acid COOH-terminal tail length of the P2X 4 subunit is sufficient to produce the proposed allosteric linking to the ␣ 3 ␤ 4 nAChR. Others have shown that a segment of the COOH-terminal tail of the P2X 2 subunit (amino acids 22-119 from the end of the second transmembrane domain) interacts with the cys-loop 5-HT 3A and GABA A receptors (3, 4) .
Desensitized States of P2X Receptors and nAChRs Can Mediate Cross-Inhibition
Previous work (20) showed that cross-inhibition between neuronal nAChRs and P2X receptors requires the open state of the channels and little cross-inhibition occurred during desensitization of one of the receptors. However, we found cross-inhibition of ␣ 3 ␤ 4 nAChR function when P2X 2 , P2X 3 , or P2X 4 receptors coexpressed by the same cells were desensitized. Similarly, P2X 2 receptor function could be inhibited by desensitized ␣ 3 ␤ 4 nAChRs in cells expressing both receptors. Although cross-inhibition was maintained during receptor desensitization, the amount of cross-inhibition was not equivalent to that occurring when fully active, nondesensitized receptors were studied. This difference was most prominent when nAChRs were coexpressed with P2X 3 or P2X 4 subunits. This suggests that the desensitized state of one receptor (either P2X receptor or ␣ 3 ␤ 4 nAChR) is less efficient at impairing current flow through the linked receptor. Therefore, differences in our data from those of Nakazawa (24) are based on the magnitude of cross-inhibition caused by desensitized receptors rather than complete inability of the desensitized receptor to cause cross-inhibition. Khakh and coworkers (13) studied the effects of receptor desensitization on interactions between P2X 2 receptors and ␣ 3 ␤ 4 nAChRs expressed in Xenopus oocytes. They used a mutant P2X 2 receptor (T18A) that desensitizes Ͼ10-fold faster than wild-type P2X 2 receptors. These studies showed that currents carried by ␣ 3 ␤ 4 nAChRs were inhibited when the T18A P2X 2 receptor was fully activated but that nAChR currents partly recovered as the T18A P2X 2 receptor desensitized. These data are again consistent with our data showing that the desensitized state of one receptor in the interacting pair (␣ 3 ␤ 4 nAChR-P2X 2 ) inhibits current flow through the coupled receptor, but the inhibition is reduced compared with that occurring when the channels are in the fully open state.
Conclusions
Cross-inhibition between cys-loop-type receptors and P2X receptors may be a mechanism of receptor modulation in the ENS (1, 38) . This interaction does not require intracellular signaling mechanisms and occurs in cell-free patches of cultured neurons, suggesting close coupling of the two receptors in the neuronal membrane (38) . Functional interaction between nAChRs and P2X 2 receptors also occurs when these receptors are expressed heterologously in HEK-293 cells, suggesting that the receptor interaction does not require nervous system-specific proteins. Conformational spread could be a mechanism Fig. 10 . Cross-inhibition between P2X3 or P2X4 receptors and ␣3␤4 nAChRs is maintained during receptor desensitization. A: histograms showing the amplitude of ACh (3 mM) and ATP (1 mM) currents before P2X3 receptor desensitization. ATP was then applied continuously to desensitize the P2X3 receptors, and ACh was reapplied in the continued presence of ATP (see Fig. 8 for protocol). The ACh current was significantly smaller than that recorded before P2X3 receptor desensitization. B: histograms showing results of experiments similar to those in A but using cells coexpressing P2X4 receptors and ␣3␤4 nAChRs. The ACh current recorded during P2X4 receptor desensitization was smaller than that recorded before the desensitization protocol. *Significantly different from current recorded before desensitization (P Ͻ 0.05) in both sets of experiments.
for cross-inhibition between ␣ 3 ␤ 4 nAChRs and P2X receptors (13, 14) as may also occur with other receptors and channels (5) . Conformational spread would require that nAChRs and P2X receptors are so closely associated in the membrane that opening of one channel impairs opening of the second channel. Fluorescence resonance energy transfer analysis of ␣ 4 ␤ 2 nAChRs (brain-specific receptors) and P2X 2 receptors expressed in HEK-293 cells revealed that the receptors were localized within 100 nm of each other in the plasma membrane. This close association would make conformational spread during receptor activation possible, perhaps through heterodimer formation (15) . Conformational spread would also be consistent with our desensitization data. P2X receptors and nAChRs adopt different conformations in the closed, open, and desensitized states (12, 21) . Conformation spread from the open state readily impairs current flow in the adjacent channel, while conformation spread from the desensitized state of one receptor impairs current flow in the adjacent channel less effectively.
